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FOREWORD 
An exploratory experimental and t h e o r e t i c a l  i nves t iga t ion  of gaseous nuclear  
rocket  technology i s  being conducted by t h e  United Aircraf t  Corporation Research 
Laborator ies  under Contract NASw-847 with t h e  j o i n t  AEC-NASA Space Nuclear Propulsion 
Off ice .  
(USAF). 
1963 and September 15, 1964 a r e  descr ibed i n  the  following nine r e p o r t s  ( inc luding  t h e  
present  r e p o r t )  which comprise t h e  requi red  f i r s t  Inter im Summary Technical Report 
under t h e  Contract: 
The Technical Supervisor of t he  Contract f o r  NASA is Captain W. A. Yingling 
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Tnermodynamic Proper t ies  of Coolant Fluids and P a r t i c l e  
Seeds f o r  Gaseous Nuclear Rockets 
SUMMARY ?\ 
/ ‘9YY 
Thermodynamic proper t ies  and equilibrium chemical composition were ca lcu la ted  
for various mater ia l s  which could serve as moderator coolants o r  as p a r t i c l e  seeds 
designed t o  control- rad ian t  hea t  t r a n s f e r  i n  gaseous nuclear rocke t  engines.  The i 
mater ia l s  which were considered as moderator coolants were hydroge;, methane, water, 
ammonia, deuterium, heavy water, and helium. Materials which were considered as 
poss ib le  p a r t i c l e  seeds were seve ra l  elemental spec ies  which have high b o i l i n g  
poin ts ,  such as graphi te ,  tungsten, and molybdenum, and t h e  oxides,  carbides ,  n i t r i d e s ,  
and borides  of t i t an ium and zirconium. 
I  
i 
The resu.l.ts of t he  ca lcu la t ions  ind ica te  t h a t  t h e  use of graphi te  as a seed 
mater ia l  i s  imnrac t ica l  because graphi te  reacts  r ead i ly  with hydrogen, and, consequently, 
excessive q u a n t i t i e s  of grsphi te  must be added t o  the  hydrogen stream i n  order  t o  
m a i n t a i n  even very small concentrations of seed p a r t i c l e s  a t  high temperatures.  
Also,  t h e  l imi t ed  thermodynamic da ta  cur ren t ly  ava i l ab le  ind ica t e  t h a t  no s i g n i f i -  
cant increase  i n  p a r t i c l e  vaporizat ion temperature would r e s u l t  from using oxides, 
carbides ,  n i t r i d e s ,  o r  borides of such high-melting-point metals as t i t a n i u m  ar@ 
zirconium as seeds i n  place of the  metals themselves. 
INTRODUCTION 
As p a r t  of t h e  inves t iga t ion  of gaseous nuclear rocket technology conducted 
under Contract NASw-847, a n a l y t i c a l  studies were undertaken t o  inves t iga t e  the  
problem of cool ing t h e  moderator w a l l s  of a gaseous nuclear  rocke t  and t o  determine 
t h e  c h a r a c t e r i s t i c s  of seed materials which might be employed i n  con t ro l l i ng  
r ad ian t  h e a t  t r a n s f e r  t o  t h e  w a l l s  of such a rocket.  Since t h e  r e s u l t s  of t hese  
s t u d i e s  depend on t h e  thermodynamic propert ies  of t h e  materials considered, it was 
e s s e n t i a l  t h a t  t hese  proper t ies  be determined for those “conditions of pressure and 
temperature which a r e  expected t o  e x i s t  i n  gaseous nuclear  rocket  engines. 
cf t h e  high temperatures which are expected t o  e x i s t  i n  such an engine, it was 
necessary that these  ca lcu la t ions  include t h e  e f f e c t s  of d i s soc ia t ion .  The tal- 
Because 
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cu la t ions  were the re fo re  performed using computational techniques descr ibed i n  Refs. 
1 and 2 which have been developed f o r  determining t h e  e f f e c t  of temperature and 
pressure on the  equilibrium composition and thermodynamic p rope r t i e s  of the products 
of r eac t ion  f o r  var ious chemical systems. 
DISCUSSION 
Propert ies  of Moderator Coolant Fluids  
An inves t iga t ion  was conducted t o  determine t h e  p rope r t i e s  of  var ious f luids  
which might be required i n  t h e  moderator cooling s tudy descr ibed i n  R e f .  3. 
f i rs t  s t e p  i n  t h i s  i nves t iga t ion  was t o  assemble p e r t i n e n t  p rope r t i e s  inf luencing 
hea t  t r a n s f e r  fo r  each candidate coolant f l u i d  a t  a pressure of 1000 a t m  and a 
temperature of 4000 R.  
from various information ava i l ab le  i n  t h e  l i t e r a t u r e .  Data f o r  hydrogen, vater, 
helium, methane, and ammonia a t  a pressure o f  1 a t m  were obtained d i r e c t l y  from 
Ref. 4. Propert ies  of deuterium and heavy water a t  a pressure of 1 a t m  were ca l -  
culated using the d a t a  i n  Refs. 5 and 6 and a procedure descr ibed i n  Ref. 4 which 
i s  based on the  Lennard-Jones p o t e n t i a l .  The v i s c o s i t y  and thermal conduct ivi ty  
a t  a pressure of 1000 a t m  were ca l cu la t ed  from t h e  d a t a  a t  1 atm by applying t h e  
pressure correct ion obtained by u t i l i z a t i o n  of t h e  Enskog theory for t h e  v i s c o s i t y  
and thermal conduct ivi t ies  of dense gases ( R e f .  7 ) .  The results of t h e  s t u d i e s  of 
t he  p rope r t i e s  of t h e  var ious coolant f luids are presented i n  Table I. It should be 
noted t h a t  a l l  da t a  shown are f o r  t h e  pure gas with no co r rec t ion  f o r  any dev ia t ion  
from i d e a l i t y  ( i . e . ,  f o r  a value of compress ib i l i ty  f a c t o r ,  Z , equals 1) or f o r  
any d i s soc ia t ion  which may occur a t  t h e  temperature and pressure considered. 
The 
The da ta  were e i t h e r  obtained from t h e  l i t e r a t u r e  o r  estimated 
Since s i g n i f i c a n t  d i s soc ia t ion  of some of t h e  candidate coolants might occur 
a t  t h e  conditions described above, it appeared d e s i r a b l e  t o  determine t h e  extent t o  
which the  materials might d i s s o c i a t e  over t h e  temperature range l i k e l y  t o  be 
encountered during the  operation of nuclear  rocke t  engines.  Therefore, a series of 
ca l cu la t ions  were performed using an IBM computation procedure developed a t  t h e  
UAC Research Laboratories and described i n  Ref. 1 t o  determine t h e  equi l ibr ium 
composition of the d i s soc ia t ion  products of hydrogen, methane, ammonia, and water 
a t  a pressure of 1000 a t m  and temperatures ranging from 1800 t o  10,000 R .  All 
ca lcu la t ions  were made using the  assumption t h a t  t h e  d i s s o c i a t i o n  products behaved 
as Ideal gases .  
i 
i, 
i 
I 
i 
I 
I 
1 
1 
I 
I 
The calculat ions were made only f o r  t h e  materials c i t e d  above s i n c e  it can be 
assumed t h a t  the p rope r t i e s  of deuterium and heavy water would p a r a l l e l  those of 
hydrogen and water, and t h a t  helium would remain chemically s t a b l e  a t  t he  tempera- 
t u r e s  considered. Only atonlic and molecular products of d i s s o c i a t i o n  were considered 
2 
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i n  t h e  ca l cu la t ions  because e l ec t ron  and ion concent ra t ions  only become s i g n i f i c a n t  
a t  temperatures exceeding 10,000 R .  
Figs .  1 through 4 .  
The r e s u l t s  of t h e  ca l cu la t ions  a r e  shown i n  
It can be seen from these  f i g u r e s  that d i s s o c i a t i o n  of  hydrogen and water becomes 
s i g n i f i c a n t  above 7000 R. 
occurs a t  a temperature of only 2000 R and ammonia is  almost e n t i r e l y  d i s soc ia t ed  a t  
2000 R. Therefore, t h e  p rope r t i e s  of methane and ammonia should be s u b s t a n t i a l l y  d i f -  
f e r e n t  from t h e  est imated values  shown i n  Table I. 
On the  o ther  hand, apprec iab le  d i s s o c i a t i o n  of methane 
It can a l s o  be seen from Fig .  2 that a l a r g e  p a r t  of the  carbon i n  methane would 
e x i s t  as a s o l i d  a t  temperatures between approximately 3000 and 6500 R.  This s o l i d  
carbon could very e a s i l y  c log  t h e  coolant  passages of  a gaseous nuclear  rocke t .  I f  
hydrogen were mixed with methane, t h i s  excess hydrogen would tend  t o  s h i f t  t he  equi-  
l ibr ium toward t h e  formation of smaller amounts of  s o l i d  carbon and, t he re fo re ,  l e s s  
clogging of t h e  coolant  passages would occur. Addit ional  ca l cu la t ions  were made t o  
show t h e  e f f e c t  of carbon-to-hydrogen weight r a t i o  on t h e  equi l ibr ium composition of 
s o l i d  carbon. The r e s u l t s  of these  ca lcu la t ions  are shown i n  Fig.  5, and they  ind i -  
c a t e  t h a t  no s o l i d  carbon, and thus  no clogging of t h e  coolant  passages, would occur 
a t  a temperature of 4500 R f o r  weight ratios of  carbon t o  hydrogen less than  approxi- 
mately 0.73. 
pe r  cent  hydrogen by weight. 
g raph i t e  walls by hydrogen a t  a temperature of 4500 R, but  would not prevent t h i s  
chemical a t t a c k  at  temperatures higher or lower than  4500 R.  
This r a t i o  corresponds t o  a mixture of 56.4 per cent  methane and 43.6 
Such a mixture would a l s o  prevent chemical a t t a c k  on 
The d e n s i t i e s  of hydrogen, methane, water, and ammonia a r e  shown i n  Fig.  6 as a 
func t ion  of temperature.  Corresponding values of  enthalpy (de f ined  as t h e  d i f f e rence  
between t h e  t o t a l  enthalpy of t he  products of d i s s o c i a t i o n  a t  a given temperature and 
t h e  enthalpy of t h e  propel lan t  as a l i q u i d )  a r e  shown i n  F ig .  7. 
The r a t i o  of t he  dens i ty  and enthalpy of methane, water, and ammonia t o  those  
of hydrogen a r e  shown i n  F ig .  8. 
determine t h e  e f f e c t  on perfomance of a nuclear rocket  engine when e i t h e r  water, 
methane, or ammonia i s  s u b s t i t u t e d  i n  whole or i n  p a r t  f o r  hydrogen. For ins tance ,  
t h e  s p e c i f i c  impulse a t ta . inable  by the  use of a given propel lan t  is, i n  general ,  pro- 
p o r t i o n a l  t o  the  square roo t  of the  exhaust enthalpy of t h e  p rope l l an t .  For a so l id -  
core  nuc lear  rocket  opera t ing  a t  a f ixed  maximum temperature, t he  r a t i o  of  s p e c i f i c  
impulse a t t a i n a b l e  using a given propel lant  t o  t h a t  a t t a i n a b l e  using hydrogen is  pro- 
p o r t i o n a l t o  t h e  square root  of t he  r a t i o  of t h e  enthalpy of t h i s  p rope l l an t  t o  t h a t  
of hydrogen a t  t h e  same opera t ing  temperature. Such r a t i o s  a r e  noted on t h e  r i g h t -  
hand o rd ina te  of t h e  p l o t  shown i n  Fig.  8. 
passing through t h e  exhaust nozzle of a gaseous nuclear  rocket  can be shown (Ref. 3) 
t o  be approximately t e n  t imes the  enthalpy a s soc ia t ed  with t h e  maximum w a l l  tempera- 
t u r e  (assuming no space r a d i a t o r s ) .  If t h i s  r a t i o  i s  assumed t o  be t h e  same f o r  a l l  
p rope l l an t s  and if t h e  maximum temperature of t he  propel lan t  i n j e c t e d  i n t o  t h e  
These r a t i o s  a r e  important s ince  they  may serve  t o  
The m a x i m u m  enthalpy of t h e  p rope l l an t  
3 
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c a v i t y  of  a gaseous nuclear rocket is  the  same as t h a t  fo r  hydrogen, then  the  s p e c i f i c  
impulse r a t i o s  shown i n  the  r i g h t  s ide  of Fig.  8 also apply d i r e c t l y  f o r  gaseous 
nuclear rocket engines. 
p r i s i n g  56.4 per cent methane by weight would prevent any c logging~ of coolant pas- 
sages a t  4500 R i f  such a mixture were used as a propel lan t .  
shown t h a t  t h i s  mixture would r e s u l t  i n  a spec i f i c  impulse at 4500 R of approximately 
82  per  cent  of t h a t  of pure hydrogen. 
According t o  Fig.  5, a mixture of methane and hydrogen com- 
From Fig .  8, it can be 
I n  order  t o  determine t h e  differences i n  the  proper t ies  of hydrogen from those 
of some o ther  material a t  conditions which a r e  l i k e l y  t o  be encountered near t he  core 
of a nuclear rocket, a d d i t i o n a l  ca lcu la t ions  were made t o  determine the  equilibrium 
composition and thermodynamic proper t ies  of water a t  temperatures up t o  200,000 R and 
f o r  pressures  of 100 and 1000 a t m .  
it is  e a s i l y  stored and i s  inexpensive and, f o r  these  reasons, might be a t t r a c t i v e  
f o r  i n i t i a l  t e s t ing  of a gaseous nuclear rocket engine. 
methane and ammonia appear t o  f a l l  between those of hydrogen and water as seen i n  
F igs .  6 and 7, and, therefore ,  property c a l c u l a t i o n s  f o r  both hydrogen and water f o r  
very high temperatures and f o r  var ious pressures  would represent  extremes of the  capa- 
b i l i t y  of t he  four mater ia l s  which might be u t i l i z e d  as working f l u i d s  i n  a gaseous 
nuclear rocket engine. 
The c a l c u l a t i o n s  were extended f o r  water because 
Also, t he  proper t ies  of 
The composition of water at the  condi t ions s t a t e d  above are shown i n  F igs .  9 
and 10. It can be seen t h a t  s ing ly  ionized hydrogen and oxygen atoms and the  r e s u l t -  
ing e l e c t r o n s  become important a t  about 30,000 R and are t h e  predominant species  a t  
60,000 R.  
atoms become important. I n  c a l c u l a t i n g  the  r e s u l t s ,  no provis ions were made f o r  the  
change i n  ionizat ion p o t e n t i a l  of t h e - i o n i c  spec ies  due t o  t h e  presence of e l ec t rons .  
A t  higher temperatures, doubly-, t r i p l y -  , and quadruply-ionized oxygen 
The density and enthalpy of water a t  temperatures up t o  200,000 R are shown i n  
Fig.  11. The nonlinear v a r i a t i o n  of enthalpy and dens i ty  with temperature is  due t o  
the  d issoc ia t ion  and ion iza t ion  of the  var ious species  as temperature i s  increased.  
Also shown i n  Fig. 11 i s  the  heat content per u n i t  volume (product of  enthalpy and 
dens i ty )  which is of i n t e r e s t  i n  analyzing the  r a t e  of energy removal from a gaseous 
nuclear  rocket for  a f ixed  convective ve loc i ty .  The composition, densi ty ,  and enthalpy 
data presented i n  Figs .  9, 10, and 11 may be compared with t h e  corresponding data f o r  
hydrogen i n  Ref. 2.. 
The thermodynamic data (hea t  capaci ty ,  enthalpy, and entropy)  f o r  t he  ind iv idua l  
species  considered i n  the  c a l c u l a t i o n  were obtained from various sources .  h t a  f o r  
the  molecular and atomic species  f o r  t he  temperature range up t o  6000 K (10,800 R )  
were obtained from Ref. 8 and were ex t rapola ted  t o  the  higher  temperatures.  
atomic hydrogen and atomic oxygen f o r  temperatures exceeding 10,800 R and f o r  a l l  
ion ic  spec ies  except t he  hydroxyl ion and e l e c t r o n  were obtained from R e f .  9. h t a  
f o r  e l e c t r o n  gas were obtained from Ref. 10 and ex t r apo la t ed  t o  higher  temperatures.  
Heat capac i ty  and entropy data f o r  t he  hydroxyl ion were estimated from data f o r  
h t a  f o r  
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t he  hydroxyl r a d i c a l  reported i n  R e f ,  10. 
were ca lcu la ted  using a value of e l e c t r o n  a f f i n i t y  obtained from R e f .  11. The 
hydroxyl ion data were a l s o  extrapolated from 6000 K t o  the  higher temperatures. Any 
errors i n  thermodynamic data introduced by the ex t rapola t ions  would probably have lit- 
t l e  e f f ec t  on the  proper t ies  of t h e  mixture as a whole s ince,  i n  general ,  t h e  concen- 
t r a t i o n s  f o r  those species  f o r  which data were ex t rapola ted  become i n s i g n i f i c a n t  i n  
the  temperature range of t he  ex t rapola t ion .  
The enthalpy data f o r  t h e  hydroxyl ion 
Chemical Reactions Between Hydrogen 
and Par t ic le  Seeds 
Various s tud ie s  have indicated t h a t  so l id  materials i n  the  form of small par- 
t i c l e s  may be used as propel lant  seeds i n  order t o  c o n t r o l  r a d i a n t  heat  t r a n s f e r  i n  
gaseous nuclear rocket engines.  The use of s o l i d  seeds is  usua l ly  more d e s i r a b l e  
than  the  use of gaseous seeds because the  opacity of p a r t i c l e s ,  even i f  they  become 
l iquef ied ,  i s  continuous over a wide part of the spectrum whereas the opaci ty  of 
gases e x h i b i t s  windows a t  c e r t a i n  wave lengths.  Since it is des i rab le  t h a t  t h e  par- 
t i c l e s  provide opaci ty  t o  temperatures approaching 10,000 R, t h e  temperature a t  which 
the  opaci ty  of hydrogen i t s e l f  becomes s ign i f i can t  ( R e f .  2) ,  only those materials 
with high b o i l i n g  points  were considered as poss ib le  seed candidates.  
F a r t i c l e s  which have been heated 
rounding gas by laminar conduction of 
of the p a r t i c l e .  If the  r a t i o  of the 
f u s i v i t y  of t h e  gas ( L e w i s  number) is, 
most gases,  then the  S i f f u s i o n  of any 
p a r t i c l e  m a t e r i a l  and the  surrounding 
by thermal r a d i a t i o n  cause heat ing of t h e  sur -  
the heat t o  gaseous atoms loca ted  i n  the  v i c i n i t y  
thermal conduct ivi ty  of  t h e  gas t o  t h e  d i f -  
on the order  of uni ty ,  which is  t h e  case f o r  
vapor formed by the chemical i n t e r a c t i o n  of t he  
gas should occur as rap id ly  as t h e  conduction 
of  heat  from t h e  p a r t i c l e  t o  the  surrounding gases .  Therefore, it would appear un- 
l i k e l y  t h a t  non-equilibrium mixtures of react ion products would occur l o c a l l y  and it 
can be assumed t h a t  the  p a r t i c l e  materials should be i n  thermodynamic equilibrium 
with t h e  surrounding gases .  A s e r i e s  of ca lcu la t ions  of equilibrium composition of 
t h e  products of reac t ion  of various seed mater ia ls  with hydrogen was performed and 
t h e  r e s u l t s  of these  ca lcu la t ions  a r e  discussed i n  t h e  following subsect ions.  
Graphite P a r t i c l e s  
According t o  Ref. 12, graphi te  pa r t i c l e s  provide s u b s t a n t i a l l y  g r e a t e r  opaci ty  
per pound than p a r t i c l e s  made of other mater ia ls  which have comparable b o i l i n g  poin ts .  
However, as can be seen from Fig .  2, hydrogen w i l l  r e a c t  with graphi te  t o  form v a r i -  
ous hydrocarbons along w i t h  f r e e  hydrogen and carbon. 
carbon t o  hydrogen, t h e  l a r g e s t  concentration of free carbon occurs a t  a temperature 
of approximately 4500 R ( see  Fig.  5 ) .  Fig. 5 a l s o  shows t h a t  a weight r a t i o  of car -  
bon t o  hydrogen g r e a t e r  than 0.73 is  required a t  4500 R t o  permit any amount of f r e e  
carbon and t h a t  the amount of f r e e  carbon decreases very rap id ly  as temperature is  
increased.  
For a given weight r a t i o  of 
Since it i s  des i rab le  t h a t  seed m a t e r i a l s  have t h e  c a p a b i l i t y  of c o n t r o l l i n g  
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radia ,nt  hea t  t r ans fe r  a t  temperatures up t o  10,000 R, it appears t h a t  t he  use o f  
g raph i t e  p a r t i c l e s  as a seed i s  imprac t i ca l  because of t h e  high carbon-to-hydrogen 
weight r a t i o s  required t o  provide any amount of s o l i d  carbon a t  t h i s  temperature. 
It can be seen from Figs .  3 and 4 t h a t  t h e  d i s s o c i a t i o n  of water and ammonia 
It would be expected t h a t  t h i s  hydrogen would r e a c t  with 
l eads  t o  t h e  presence of s u b s t a n t i a l  q u a n t i t i e s  of hydrogen a t  temperatures o f  t h e  
o rde r  of 7000 t o  10,000 R .  
any g raph i t e  seed p a r t i c l e s  i n  much t h e  same manner as ind ica t ed  i n  F igs .  2 and 5, 
and, t he re fo re ,  t h e  use of g raph i t e  p a r t i c l e s  f o r  c o n t r o l l i n g  r a d i a n t  heat  t r a n s f e r  
i n  engines employing ammonia or water as working f l u i d s  a l s o  appears t o  be imprac t i ca l .  
Pa . r t ic les  Ma.de From Mater ia ls  Other Than Graphite 
Since t h e  use of g raph i t e  as a seed material i s  imprac t i ca l  because it r e a c t s  
with hydrogen, a study was undertaken t o  p r e d i c t  t h e  ex ten t  of equi l ibr ium r e a c t i o n  
at  var ious temperatures when s e l e c t e d  a l t e r n a t e  seed materials a r e  added i n  s m a l l  
amounts t o  a hydrogen propel lant  stream. Vapor pressure data from Ref. 1 3  ind ica t ed  
t h a t  many metals have hizh normal b o i l i n g  po in t s  and would be good candidates for 
seed ma.terials i f  t h e i r  s p e c t r a l  absorpt ion c h a r a c t e r i s t i c s  were good. Calculat ions 
were performed using t h e  vapor pressure da t a  from Ref. 1 3  t o  determine t h e  amount of 
condensed metal which w i l l  be present  i n  t h e  temperature range 2000 R t o  10,000 R i f  
2 pe r  cent  by weight o f  t he  m a t e r i a l  i s  added t o  hydrogen a t  a pressure of 1000 a t m .  
Vapor pressure data was a l l  t h a t  was required t o  determine t h e  s t a t e  of t h e  metal a t  
each temperature because a l i t e r a t u r e  survey ind ica t ed  t h a t ,  al though s e v e r a l  of t h e  
metals do absorb hydrogen t o  form complex hydrides,  t hese  hydrides would decompose 
a t  t h e  temperatures considered i n  t h i s  study, and, t he re fo re ,  it may be assumed t h a t  
t h e  metals considered w i l l  not r e a c t  with hydrogen p rope l l an t  i n  t h e  temperature 
range of i n t e r e s t .  The r e s u l t s  of t he  ca , lcu la t ions  a r e  shown i n  F ig .  12. 
A series of calculatioris was a l s o  performed t o  determine t h e  equi l ibr ium com- 
p o s i t i o n  of  t h e  products of r eac t ion  of hydrogen with t h e  oxides,  n i t r i d e s ,  carbides ,  
and borides  of t i tanium and zirconium. A s  i n  t h e  case of t h e  metals, it was assumed 
t h a t  2 per  cent  of  the  seed m a t e r i a l  was introduced i n t o  t h e  hydrogen stream a t  a 
pressure of  1000 atm. The r e s u l t s  of  t he  c a l c u l a t i o n s  ind ica t ed  t h a t  T i c ,  TiN, TiB2, 
and T i 0 2  were completely vaporized o r  d i s s o c i a t e d  f o r  t h e  cond i t ions  descr ibed above 
a t  temperatures o f  6372, 6138, 6210, and 5040 R, r e s p e c t i v e l y .  If these  vapor iza t ion  
temperatures a r e  compared with t h a t  obtained from F ig .  1 2  f o r  t i t an ium metal  i t s e l f ,  
namely, 6120 R, it can be seen t h a t  t h e  carbide,  n i t r i d e ,  and boride o f f e r  s l i g h t  
advantages over the  parent metal  i t s e l f .  The r e s u l t s  of t h e  zirconium c a l c u l a t i o n s  
ind ica t ed  t h a t  vaporized a t  temperatures o f  6876, 5760, 
6570, and 5472 R ,  r e spec t ive ly .  A l l  t he se  temperatures are considerably lower than  
the  vaporizat ion temperature of zirconium metal (7900 R )  obtained from Fig .  12, and, 
as a r e s u l t ,  compounds of ZirrorliLmi would o f f e r  only t h e  advantage of a higher  mel t ing 
temperature than zirconium. 
Zt'C , Z r B 2  , Z r N  , and ZrO 
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If t h e  t rends shown by t h e  vaporization data f o r  t he  compounds of t i t an ium and 
zirconium are c h a r a c t e r i s t i c  of t h e  o ther  high-melting-point metals, it would seem 
t h a t  no s i g n i f i c a n t  improvement i n  the  vaporization temperature of p a r t i c l e  seeds 
would be obtained by using t h e  compounds ra ther  than the  elemental  metal, and t h a t  
t he  use of t h e  metals themselves should receive top  p r i o r i t y  i n  experimental  evalua- 
t i o n s  of t he  o p t i c a l  p rope r t i e s  of seeded hydrogen streams. 
however, e f f o r t  should be continued t o  obtain improved values  of t h e  thermodynamic 
proper t ies  (and p a r t i c u l a r l y  vaporizat ion data) for carbides,  n i t r i d e s ,  borides ,  
and oxides of t he  high-melting-point metals t o  provide a firm bas i s  for continuing 
evaluat ion of p o t e n t i a l  seed mater ia l s .  
A t  t h e  same time, 
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TABLE I 
Thermodynamic and Transport P rope r t i e s  of Possible  
Gaseous Nuclear Rocket Moderator Coolant Fluids  
a t  4000 R and a Pressure of 1000 Atmospheres 
P rope r t i e s  do not include e f f e c t  of d i s s o c i a t i o n  
F l u i d  1 ~~ V i s  cos i t y  Density Thermal Conductivity P rand t l  No. (+> ( SEC) ( DEG R/FT) Spec i f i c  Heat (BW) (LJ3) (DEG R )  
0 . 6 9 3  2.322 x 
3.197 x r- 
R20 
4.137 
1 3793 2.159 0.667 
0.6Gg 
~ 
6.1686 0.6981 5.006 x lo-' 
0.7120 5.172 x 5.269 x 10-5 
10.023 x 10-5 
0 699 
0 635 
6.8577 
5.126 x 1.3706 
5 4930 
1.2411 
1.4 396 3.555 10-5 7.645 x 0.669 
6.835 x 10- 0.682 4.495 10-5 5 8317 1.0370 
* 
Dissociat ion should s u b s t a n t i a l l y  a l te r  t h e  p r o p e r t i e s  of  methane and ammonia and, 
t he re fo re ,  t h e  values noted above should be used only as a f i rs t  estimate (see 
t e x t  and Figs.  2 and 3) o r  as a base f o r  determining p r o p e r t i e s  a t  lower tempera- 
t u r e s  where dissociat ion i s  not important. 
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